Abstract. This paper reviews some recent diffraction-based studies of highly-flexible framework materials. Emphasis is placed on characterisation of the variations in local structure and dynamical behaviour that give rise to the unusual physical properties of these materials-negative thermal expansion, negative linear compressibility and pressure-induced amorphisation. The relevance of total scattering as a probe of local structure is discussed and a number of general protocols for analysing reverse Monte Carlo (RMC) atomistic refinements of total scattering data are described. Such protocols include both real-and reciprocalspace tools for quantifying correlated processes, including localised ferroelectric displacements and soft-mode lattice dynamics. These techniques are presented in the context of specific case studies of a number of important framework systems, such as ZrW 2 O 8 , Zn(CN) 2 , Ag 3 [Co(CN) 6 ] and SrTiO 3 . The paper concludes with a discussion of spin flexibility in magnetic systems and their relevance to local magnetic structure determination.
Introduction
Framework materials are network solids in which transition-metal centres are connected via single-atom or molecular "bridges" to form an extended covalent lattice. ZrW 2 O 8 , for example, is assembled from a network of Zr-O-W linkages [1] , Zn(CN) 2 from Zn-CN-Zn bridges [2] , and metal-organic frameworks (MOFs) from extended M-[organic]-M motifs [3] . Effectively constrained only by the distance to their metal-atom "tethers", these bridging atoms or groups are relatively free to vary their position and/or orientation with minimal energy cost. What this means is that local flexibility is inherent to most framework materials. Their structures are characterised by an excess configurational entropy in that they can adopt a number of different configurations with equivalent energies. The low-energy dynamics that results then defines a different set of thermodynamic properties to those of "normal" materials, and this difference presents both opportunities and challenges to the crystallography community. Opportunities, because crystallography offers a readily accessible method of discovering and quantifying unusual thermodynamic behaviour. The archetypal example is the discovery of negative thermal expansion (NTE, contraction on heating) in materials such as ZrW 2 O 8 [1] . NTE has its own practical applications, and is of interest in its own right. But it is an important effect to characterise for the additional reason that it signals the existence of atypical lattice dynamics [4, 5] . Materials that exhibit NTE are almost universally found to undergo series of interesting temperature and/or pressure-dependent phase transitions [6] , often including phenomena such as pressure-induced amorphisation (PIA) [7] . Their elastic properties are bizarre [8] ; their phonon spectra are strongly temperature-dependent [9, 10] ; their crystal lattices are often capable of both the local and long-range deformations required to support guest sorption/desorption [11] , ion-conduction [12] and/or crystal-crystal transitions [13] . Crystallographic measurements of structure variation with temperature, pressure and sorbate concentration are becoming increasingly routine, making diffraction the method of choice for characterising the unusual mechanics of flexible framework materials. Perhaps the key difficulty in studying these systems involves translating this experimental characterisation into an understanding of the underlying physics responsible for the effects. Local flexibility gives rise to disorder and to symmetry breaking, and both complicate the physical interpretation of average structure determinations. The perovskite community, for example, has faced these same issues for decades in the form of unphysical shortening of metal-oxygen bond lengths and divergence of oxygen displacement parameters near displacive phase transitions [14] . Crystallographic anomalies such as these require an appreciation of local structure in order to be understood. Consequently there is a strong drive to add to "traditional" crystallographic approaches a complementary picture of local structure and dynamics, and this is where "modern" crystallographic techniques of total scattering and pair distribution function (PDF) analysis are proving invaluable [15, 16] . These two aspects of "the crystallography of flexibility"-characterisation of unusual physics via average structure analysis and subsequent explanation in terms of local structure and dynamics-form the basis of the research summarised in this paper. Addressed first is the recent discovery of very large NTE effects in new families of flexible framework systems with linear bridging motifs. The focus then shifts to the extraction of local structure and dynamical information for these, and similar, systems from total scattering data, with the discussion centring around the reverse Monte Carlo (RMC) method. A number of specific case studies are then given in the subsequent section. The paper concludes with a discussion of magnetic flexibility in magnetic materials and associated crystallographic strategies for the characterisation of local magnetic structure.
Linearly-bridged frameworks
Since the discovery of large NTE in ZrW 2 O 8 in 1996 [1] , there has been a strong community effort to identify increasingly extreme NTE behaviour in related materials. NTE itself is measured in terms of the linear coefficient of thermal expansion α=d(ln l)/dT (or its volume equivalent α V =d(ln V)/dT); the value α=−9.1 MK −1 for ZrW 2 O 8 is about as negative as values for typical engineering materials are positive [4, 5] . The stronger the NTE, the smaller the quantity required to produce composites with zero thermal expansion-the most often cited application of NTE. Despite a large body of research in the area, the focus on materials assembled from metal-oxygen-metal linkages (like ZrW 2 O 8 itself) has failed to produce materials with any stronger overall NTE behaviour [5] . In all these systems, NTE could almost always be thought of in simple terms as arising from volume-reducing transverse displace-ments of O atoms in metal-oxygen-metal linkages ( figure 1(a) ) [4, 5] . ZrW 2 O 8 shows the strongest effect because these displacements can be correlated throughout the crystal lattice via a continuum of low-energy phonons that preserve metal coordination geometries [17] . A relatively recent strategy for producing materials of superior NTE properties has been to replace single-atom metal-oxygen-metal linkages by diatomic metal-cyanide-metal (M-CN-M) linkages [18, 19] , as found in many transition metal cyanides [20] . This circumvents any problems associated with correlation, since the C and N atoms can move in different directions, and so displacements around one metal centre can occur essentially independently of those around its neighbours ( figure 1(b) ) [18] . Cyanide-containing frameworks should then be fundamentally more flexible than their oxide-containing counterparts, and it was reasoned that NTE is likely to be a general property of these materials [19] . This was indeed found to be the case, and following on from an initial report of NTE in Zn(CN) 2 [21] it was shown that the entire compositional family Zn x Cd 1−x (CN) 2 exhibits isotropic NTE that is more than twice as strong as that in ZrW 2 O 8 [18] . Analysis of the transverse displacement parameters of the C and N atoms in these materials supported the general picture of flexibility described above, and it was possible even to correlate thermal changes in these parameters with the observed coefficients of thermal expansion [18] . Further support for the generality of NTE in these families came from a study of the family MPt(CN) 6 (M = Zn, Cd) [22] . This second family of compounds is isostructural to the perovskites, except that in this case the octahedral metal centres are separated by rigid rods rather than by individual atoms. While NTE is exceptionally rare amongst perovskites (including in "empty" members such as ReO 3 and WO 3 [23, 24] ), strong NTE was found for both ZnPt(CN) 6 and CdPt(CN) 6 (α=−3.4 and −6.7 MK −1 , respectively) [22] . Moreover, these materials were shown to exhibit zeolitic behaviour, and it was possible to tune the thermal expansion behaviour of ZnPt(CN) 6 between α=−3.4 and +1.8 MK −1 by adding or removing guest water molecules within the framework lattice [22] . Similar behaviour has been demonstrated even more recently for single-network Cd(CN) 2 , whose thermal expansion varies between α=−33.5 and +10.0 MK −1 for different concentrations of included CCl 4 [25] . Other groups have now measured NTE in a number of different cyanide-containing frameworks [26] [27] [28] [29] [30] [31] , so that the effect appears to be a general property of the family.
Perhaps the most recent development in the field has been to produce "ultra-flexible frameworks" by replacing the diatomic cyanide bridges by penta-atomic dicyanometallate linkages [32] . Transition metal centres M are then connected via M-(CN)-A-(CN)-M (A = Cu, Ag, Au) bridging motifs (figure 1(c)). There are no known examples with cubic crystal symmetry, so thermal expansion in these systems is necessariliy anisotropic. The first such material to be studied for its thermal expansion behaviour was silver hexacyanocobaltate, Ag 3 [Co(CN) 6 ] [32, 33] . The crystal structure of this material can be considered as a threedimensional equivalent of a sheet of "garden lattice fencing". In particular, there is essentially no enthalpy cost associated with a combined expansion of the lattice in one direction and contraction in a perpendicular direction [34] -just as garden lattice itself can adopt a variety of different geometries (figure 2). This leaves the actual dimensions of the material to be determined by very weak non-covalent interactions: in this case, van der Waals-like Ag…Ag "argentophilic" interactions. The extreme flexibility of the framework confers the thermodynamics of a van der Waals solid onto a covalent crystalline material. In terms of thermal expansion, what was found was that the crystal expands enormously with increasing temperature along some directions (α=+144 MK −1 ) and exhibits similarly strong NTE along its trigonal axis (α=−126 MK −1 ) [32] . Throughout this process, the actual change in bond lengths along the Co-C-N-Ag-N-C-Co linkage is all but insignificant by comparison [32] . The process is thought to be driven by a van der Waals-like expansion of Ag…Ag contact; coefficients of thermal expansion greater than 100 MK −1 (the threshold for so-called "colossal" thermal expansion) have really only ever been observed for crystalline materials in van der Waals solids such as low-temperature Xe [35] . Further support for the role of Ag…Ag contacts came via measuring thermal expansion properties of two compositional variants with the same covalent connectivity: namely, Ag 3 [Fe(CN) 6 ] and D 3 [Co(CN) 6 ]. What was found was that the former is also a "colossal" thermal expansion material, but the latter exhibits more conservative values of α that are not atypical for framework materials [36] . Characterisation of the pressure-dependent behaviour of Ag 3 [Co(CN) 6 ] revealed similarly atypical phenomena. On increasing hydrostatic pressure, the framework lattice contracts along some directions but actually expands along the NTE axis, exhibiting the incredibly rare phenomenon of negative linear compressibility (NLC). In the few instances where NLC has been observed previously [37] , the effect has only ever been very modest: the strongest effect reported was for BAsO 4 6 ] appears not to be alone amongst these flexible frameworks in exhibiting unusual pressure-dependent behaviour. Research elsewhere has shown the NTE behaviour of Zn(CN) 2 is enhanced on increasing pressure [40] ; then, at higher pressures, the material undergoes a series of phase transitions before eventually becoming amorphous at hydrostatic pressures of approximately 11 GPa [41] . It seems reasonable to expect other reports of unusual pressure dependencies in related materials as the field is allowed to mature.
Total scattering and reverse Monte Carlo
The principal motivation for applying total scattering techniques to the study of flexible framework materials is to extract information about the correlated processes responsible for behaviour such as NTE. Total scattering experiments, a form of powder diffraction, aim to measure both the Bragg (elastic) and diffuse (inelastic) contributions to the scattering function S(Q) [15, 16] ; Despite the additional experimental demands associated with obtaining absolutely normalised scattering intensities, the approach has a key advantage over "traditional" crystallographic methods in that one obtains information about both one-particle and two-particle correlations [42] . The one-particle correlations define the average structure of the material, while the two-particle correlations characterise the local deviations from this average structure-the correlated displacements implicated in e.g. NTE. There are a number of different approaches for extracting local structure information from total scattering data, and most focus at some point on the "pair distribution function" (PDF), or one of its variants [43] . The PDF, denoted by g(r), represents the local distribution of atoms around an "average" atom in the material: each peak corresponds to a particular pair of atoms, with its position in r denoting the average interatomic separation, and its width representing the spread of distances due to vibrational motion. The relevance to total scattering is that g(r) and S(Q) are related by sine Fourier transform [43] . As S(Q) is measured to increasingly large Q (possible using high-energy X-ray or spallation neutron sources) one obtains a measure of the PDF to increasingly fine real-space resolution. The process of translating this dense mélange of real-space and reciprocal-space information into a physical understanding of the correlated processes present is perhaps the major challenge in the field. The reverse Monte Carlo (RMC) approach [44, 45] tackles this problem by using the total scattering data to produce large atomistic structural models-the advantage being that it reduces the problem of analysing total scattering data to the problem of analysing a threedimensional box of atoms, a task which is generally more intuitive and for which many tools already exist. The refinement process is data-driven, so that the atomistic models produced are at once consistent with the average structure information contained within the Bragg intensities on the one hand, and the pair correlations represented in the PDF on the other hand. There is also the option to constrain the model with chemical or physical intuition-by constraining bond angles or polyhedral geometries, for example [46] -just as "rigid body" constraints might be used in "traditional" crystallographic refinement. The process of RMC refinement begins with solution and Rietveld structure refinement of the average structure via standard Bragg profile methods. The unit cell so obtained is then used to generate a large atomistic supercell. The number of atoms in this supercell will depend on the computational resources at hand, and the nature of the problem to be solved. A typical RMC configuration might contain between 10 000 and 100 000 atoms. From this atomistic configuration it is possible to calculate the scattering function S(Q), the PDF and also the Bragg intensity profile as modelled in e.g. GSAS [47] . These three functions can be compared directly against the experimental data, and the difference between the calculated and experimental functions, together with any bond-length or bond-angle constraints, is used to drive the Monte Carlo refinement. First, a randomly-selected atom is moved by a random distance in a random direction, and the new scattering functions calculated. If the fits to data improve (i.e. the Monte Carlo energy decreases) then the move is accepted; if not then the move is accepted only with a finite probability that depends on how greatly the fits have deteriorated. A new move is proposed, checked, accepted or rejected, and the process repeated until the configuration is capable of reproducing the experimental data as closely as possible. Great care is taken to ensure that the resultant configuration provides as physically realistic a description of material structure as possible: to this end, one can calculate EXAFS spectra [48] , TEM images [49] , bond-valence sums [49] and even phonon dispersion curves [50] and check these against the respective experimental functions. Many independent RMC configurations are produced, and from this collection of "snapshots" of material structure it becomes possible to quantify the correlated processes of interest.
Correlations and dynamics from powder diffraction
The particular correlations of interest will almost certainly differ from one material to the next, and indeed for some systems very little may be known a priori to help target a search for correlated behaviour. At the very simplest extreme, bond-length and bond-angle distributions can be extracted routinely from the RMC configurations [46] , and often these are important in their own right. Progressing towards higher-order correlations, one can calculate (e.g.) distributions of polyhedral distortions, tilts and translations [51] ; relevant examples include quantification of the role of so-called rigid unit modes (RUMs) in the NTE [52] and PIA [53] behaviour of ZrW 2 O 8 , and the characterisation of an octahedral-tilting transition in SrSnO 3 perovskite [54] . Calculation of TEM images is a useful technique for identifying key correlation behaviour whose form might not be known a priori [49, 55] . Any structured diffuse scattering present in these images will reflect the periodicity of the correlations, and by masking different atoms in the configuration it is straightforward to identify the particular atom types from which the diffuse intensity arises. One can then calculate real-space correlation functions 〈u(0).u(r)〉 to determine the range and distribution of the corresponding features. This technique was applied in the study of SrSnO 3 to identify polar nano-domains: a form of localised ferroelectric instability where Sn atoms across small two-dimensional islands of the crystal lattice undergo concerted displacements from their average positions [54] . Over the past four years there has been an effort to extend this approach to the quantitative determination of phonon dispersion curves [50] . Doing so asks very subtle questions of the data, as it takes the technique of powder diffraction into the domain of triple-axis spectroscopy. There had been some discussion in the literature regarding the possibility (or otherwise) of extracting phonons from PDF peak widths [56] [57] [58] . The hope had always been that these widths would reflect the energetics of interactions between pairs of atoms-stronglybound pairs giving sharp peaks in the PDF and weakly-bound pairs giving broader peaks (figure 3) [59] . What RMC provided was a model-independent approach of assessing what phonon information survived the orientational averaging and energy integration implicit in powder diffraction, and what information was lost [50, 60] .
Figure 3. Peak widths in the pair distribution function contain information regarding the energy of interatomic interactions: in general terms, broad peaks correspond to low-energy interactions and sharp peaks to high-energy interactions.
The calculations involve Fourier transform of the atomic displacements observed in RMC configurations into phonon mode coordinates. The magnitude of correlated displacement calculated for a given mode coordinate is then inversely proportional to the corresponding phonon mode energy [61] . The greater the displacement, the lower the energy-essentially the same concept as that which links broad peaks in the PDF to low-energy interactions. Assembling all phonon mode energies for different wave-vectors k, one can piece together the diffraction-based phonon dispersion curves. By comparing these total scattering phonon dispersion curves for MgO [50] and for SrTiO 3 [60] with those obtained independently in spectroscopic experiments, what became obvious was that total scattering performed well in the low-energy region of the phonon spectrum but that much of the information about high-frequency modes was lost. This is perhaps an unsurprising result in that one expects the real-space signature of high-frequency modes to be subtle indeed [60, 62] . Nevertheless it is usually the low-frequency modes that are of interest in functional materials: these are most easily populated with temperature and most likely to be involved in phase transitions or NTE behaviour. The archetypal example is the soft-mode transition in SrTiO 3 at 105 K [63] : the temperature dependence of the relevant zoneboundary mode was entirely recoverable using total scattering and RMC [60] . Applying these techniques to the linearly-bridged frameworks discussed above, it was possible to verify the role of transverse vibrational motion of Co-C-N-Ag-N-C-Co linkages in the low-energy dynamics of Ag 3 [Co(CN) 6 ], particularly in the form of RUM-type vibrations that preserved [CoC 6 ] octahedral geometries [33] . Perhaps the most important result, how-ever, came from the calculation of mean atomic vibrational frequencies. As the lattice undergoes its enormous changes in dimension, these energies did not change substantially for the Co or C or N atoms, but at higher temperatures there was a significant decrease in the Ag vibrational energies [32, 33] . This energy decrease could be mapped quantitatively onto the increase in lattice enthalpy associated with the expansion and contraction of the framework. This confirmed that anharmonicity of Ag vibrations was the source of the small, but important, energy contribution needed to bring about the "colossal" variation in lattice parameters.
Magnetic flexibility
The availability of high-quality neutron total scattering instruments, such as GEM at ISIS [64] , raises the additional possibility of extracting information about local fluctuations in magnetic structure in magnetic materials. Diffuse magnetic scattering is sometimes the only available handle on magnetic structure in disordered or frustrated systems: the most highprofile example is that of the "spin ice" pyrochlores, where the magnetic ground state has no long-range periodicity, and hence does not produce magnetic Bragg peaks [65] . To this end, the RMC technique has recently been extended to allow for refinement of magnetic structures [45] . Associated with the RMC atomistic supercell is another supercell of equivalent dimensions, containing individual classical spin vectors for each magnetic atom in the original RMC configuration. The refinement process then involves both atom translations and spin reorientations, so that in practice the procedure is actually very similar. A study of antiferromagnetic ordering in MnO showed that magnetic structure solution and refinement was possible even when starting from random spin configurations [66] . In the present context of flexibility, one might even consider the spin ice systems to be an example of a magnetically-flexible system. The analogy lies in their residual configurational entropy: in these materials there are many ways of ordering the spins (subject to the characteristic 2-in-2-out tetrahedral cluster rules) with equivalent energies. Indeed, the crystallography is complicated for this very reason-the absence of any Bragg component to the scattering means that traditional structural refinement approaches fail entirely. An RMC approach, by contrast, quickly recovers the correct local structure from the powder diffuse scattering, even when started from random spin configurations [67] . The protocols for extracting quantitative lattice dynamical information from RMC configurations can even be extended to these magnetic refinements, where the interest now is in characterising the spin-wave dispersion curves [68] . Despite the overlap between spin-wave and phonon contributions to the inelastic scattering in MnO, the spin-wave dispersion could indeed be recovered, offering a possible method of charactering spin waves in materials for which single-crystal samples cannot easily be obtained [68] .
Concluding remarks
This paper has aimed to review the author's approaches to studying physical properties of flexible framework materials using powder diffraction techniques. A comprehensive review of the state of such a broad field is unfortunately beyond the scope of this manuscript; nevertheless, in the work of other groups, as in the work described here, two key applications of powder diffraction emerge. On the one hand, powder diffraction is ideally suited to charac-terising the unusual physical behaviour of framework materials, such as NTE, NLC and temperature-or pressure-induced phase transitions. On the other hand, there is a drive to extend powder diffraction techniques, principally total scattering, to probe dynamical processes in these same materials. The extraction of quantitative local structure and dynamical information from total scattering data is surely a nascent field, but one of sufficiently widespread importance to merit the patience and care needed to develop a rigourous and general protocol for use by the broader crystallography community.
